Background. Oxygen radicals have been implicated in the pathogenesis of reperfusion arrhythmias. However, the basic electrophysiological alterations accompanying the effects of oxygen radicals on action potential (AP) are poorly understood.
Cellular Electrophysiological Basis for Oxygen
Radical-Induced Arrhythmias Background. Oxygen radicals have been implicated in the pathogenesis of reperfusion arrhythmias. However, the basic electrophysiological alterations accompanying the effects of oxygen radicals on action potential (AP) are poorly understood.
Methods and Results. We investigated the effects of oxygen radicals generated by dihydroxyfumarate (DHF, 5 mM) on AP parameters and on ionic currents in patch-clamped guinea pig ventricular myocytes. DHF consistently caused a marked prolongation of AP duration, which was already significant after 60 seconds of exposure and continued to increase over time. Within 5 minutes, the majority of cells developed early afterdepolarizations (EADs) or became unexcitable. Both AP prolongation and occurrence of EADs were completely prevented in the presence of the oxygen radical scavengers superoxide dismutase (SOD) and catalase (CAT). Prolongation of AP duration was accompanied by a marked decreased in time-dependent potassium current (IK) and calcium current (LCa). The inward rectifier K current (IKI) was unaffected, suggesting no widespread changes in membrane properties. 'K and lCa alterations were also significantly reduced by SOD and CAT. In additional experiments, intracellular calcium levels were kept constantly low by addition of 200 PM ethyleneglycol-bis(f-aminoethyl ether)-N,N,N',N'-tetra-acetic acid (EGTA) to the pipette solution. Under these conditions, the effects of DHF on AP duration and the occurrence of EADs were largely prevented. However, EGTA did not prevent cells from becoming unexcitable, nor did it affect the decrease in both IK and IC. upon exposure to DHF.
Conclusions. Exposure to an exogenous source of oxygen radicals may induce major electrophysiological alterations in isolated myocytes, which might be related to changes in specific ionic currents and in level of intracellular calcium. These alterations occur with a time course consistent with the rapid onset of (Circulation 1991;84:1773-1782) I t has recently been shown that large quantities of oxygen free radicals are generated in postischemic hearts at the time of reflow,1-5 and it has been proposed that this phenomenon may be responsible for the occurrence of deleterious effects associated with reperfusion, including complex ventricular arrhythmias.67 The hypothesis that oxygen radicals are responsible for the occurrence of reperfusion arrhythmias is supported by the observation that the ventricular arrhythmias in reperfused hearts. incidence of ventricular tachycardia and/or ventricular fibrillation upon reperfusion is drastically reduced by different "anti-free radical" interventions89 and that complex ventricular arrhythmias can be induced by exposing the heart to an exogenous source of oxygen radicals.9"10
The possible arrhythmogenic effects of oxygen radicals have recently been investigated in vitro. In one study," exposure of guinea pig ventricular strips to an oxygen radical-generating system resulted in a reduction of action potential (AP) amplitude, resting potential, and upstroke velocity. Those effects developed slowly during incubation (20-30 minutes), and were not associated with changes in action potential duration (APD). In contrast, a different sequence of events was observed in canine'2 and frog'3 myocytes. In those studies, the electrophysiological alterations were characterized by an increase in APD within minutes of exposure to oxygen radicals, followed by development of both early and delayed afterdepolarizations (EADs and DADs), and then by the rapid occurrence of a decrease in APD and cell excitability. The different effects on APD suggest that multiple forms of injury may be caused in cardiac cells, possibly depending on the amount and type of free radical generated. On the whole, these data suggest that oxygen radicals can affect cardiac excitation, but they do not clearly describe a specific arrhythmogenic effect. Furthermore, the basic electrophysiological alterations (such as changes in membrane ionic currents) underlying possible arrhythmogenic effects of oxygen radicals were not investigated in those studies.
Patch-clamp measurements in single myocytes represent an accurate method for studying the effects of an intervention on membrane currents. Using this technique, Shattock et al14 have recently described changes in the steady-state background current, accompanied by activation of the oscillatory transient inward current (TI) during exposure to free radicals generated by photoactivation of rose bengal. Those findings strongly suggest that free radicals may promote arrhythmias through specific alterations in membrane currents. However, no attempt was made in that study to prevent the development of the electrophysiological changes by means of specific oxygen radical scavengers. In addition, while photoactivation of rose bengal generates predominantly singlet oxygen,15 the oxygen metabolites formed during postischemic reperfusion are represented primarily by superoxide anions, hydrogen peroxide, and hydroxyl radicals. [2] [3] [4] [5] The present study was designed to investigate the electrophysiological effects of exogenously generated superoxide anions and hydrogen peroxide. Changes in cardiac AP and membrane currents were recorded in single myocytes from guinea pig hearts exposed to oxygen radicals under control conditions, as well as during administration of the specific scavenging enzymes superoxide dismutase (SOD) and catalase (CAT).
Preliminary results have been presented in abstract form.16'17
Methods

Experimental Preparation
Isolated myocytes were obtained according to the technique described previously.18 Briefly, guinea pigs (200-300 g) were killed by a blow on the neck. Their hearts were rapidly excised, mounted on a Langendorff apparatus, and perfused at 35°C for 3 minutes with a nominally zero calcium solution of the following millimolar composition: NaCl 120, KCl 10, KH2P04 1.2, MgCl2 1.2, glucose 20, taurine 20, pyruvate 5, pH 7.2 with HEPES/NaOH. The hearts were then perfused with enzymatic solution (calcium-free solution plus 30 mg/l pronase E, Serva) for 3 minutes, and the ventricles were sliced and slowly stirred in enzymatic solution for about 1 hour. Isolated cells that appeared in the supernatant were placed in Tyrode's solution containing penicillin (50 IU/ml) and streptomycin (50 ,ug/ml) (Gibco), stored at room temperature, and used within the day.
A drop of cells was placed in the experimental chamber (0.2 ml) mounted on the plate of an inverted microscope (Nikon TMS) connected to a monitor (Hitachi VM 122) by a camera (Hitachi HM30).
The whole-cell configuration of the patch-clamp technique was used to measure currents and membrane potential. 19 Patch pipettes (Corning Capillaries 7052, Garner Glass) with a resistance of 1-2 Mfl were pulled with a two-step puller (Hans Otchozki, Homburg), fire polished, and filled with a solution of the following millimolar composition: KCI 140, MgCl2 1, Na2ATP 3, HEPES 10, pH 7. The electric signal was recorded by a patch amplifier (Axopatch 1A, Axon), digitized (Labmaster TL 100, Scientific Solutions), and displayed on the monitor of a personal computer. The cutoff frequency was 2 kHz. Setting of experimental protocols, data acquisition, and elaboration were done automatically with pClamp software (Axon).
Protocols for currentand voltage-clamp measurements changed according to experimental necessity. APs were sampled at 1 kHz. Holding potential was usually kept at -80 mV. Low-threshold calcium current (ICa) was evoked by a 200-msec step to 0 mV and sampled at 5 kHz; a brief (10-msec) prestep to -40 mV was used to inactivate sodium current. Potential of half-maximal activation and inactivation (VH) and the slope factor k were obtained by fitting normalized current values with the distribution: y.= 1/{1+exp[(V-VH)/k]}. Time-dependent K current (IK) was evoked by a 500-800-msec step to 40 mV and sampled at 0.5 kHz.
Oxygen Free Radical-Generating Solutions
The cells were superfused at a rate of 2 ml/min using a two-flow line system controlled by electronic valves to allow rapid change from control to experimental solutions. Control solution was a modified Tyrode's solution containing (mM): NaCl 137, KCl 5.4, CaCl2 5.4, MgCl2 1.2, glucose 10, HEPES 5, pH adjusted to 7.35 with NaOH, at a temperature of 35°C. The oxygen radical-generating solution was prepared just before use and consisted of 5 mM dihydroxyfumarate (DHF, Sigma) added to the Tyrode's solution and adjusted to pH 7.35 with NaOH. The solutions were bubbled with 100% 02 (P02:700-750 mm Hg in the bottle and 400-500 mm Hg in the chamber). DHF is a well-established system for generating oxygen radicals. 21, 22 Under our experimental conditions of pH and oxygen tension, DHF undergoes redox cycling, with formation of superoxide radicals. 21, 22 Hydrogen peroxide can also be formed, either directly or through spontaneous dismutation of superoxide radicals. 21, 22 In the experiments designed to determine the effect of adding scavenging enzymes, a solution containing SOD (Cu/Zn form, from bovine erythrocytes, specific activity 3,000 IU/mg of protein, from Sigma) and CAT (from bovine liver, specific activity 65,000 IU/mg of protein, from Boehringer Mannheim) was injected into the line of superfusion through a needle connected to a peristaltic pump (Gilson, Minipulse 2) at constant rate (150 ,l/min). SOD and CAT were dissolved in Tyrode's solution immediately before use to achieve a final concentration in the chamber of 300 IU/ml for each enzyme. To check whether perfusion with SOD and CAT could affect the electrical activity of the cells in the absence of exogenous oxygen radicals, superfusion with the scavenging enzymes was started at least 2 minutes before switching to the DHF solution.
Data are expressed as mean+SEM. Effects of DHF and DHF plus SOD and CAT were compared by Student's t test for grouped data. A value of p<0.05 was considered significant.
Results
Effect of Oxygen Radicals on Action Potential
Superfusion with DHF resulted in a consistent and time-dependent increase in APD. A typical example of this effect is shown in Figure 1A . In this cell, after 2 minutes of superfusion with DHF, APD is clearly prolonged and, after 5 minutes, early afterdepolarizations (EADs) developed, superimposed on the plateau phase. EADs delayed cell repolarization, which occurred after more than 1 second. APD consistently increased in all preparations tested, whereas EADs developed in seven out of 14 cells. In the remaining cells, unexcitability (n=3) or depolarization to -40/ -30 mV (n=3) was observed. All these effects developed within 10 minutes from the beginning of superfusion with DHF.
The prolongation of APD occurred immediately after switching to the DHF solution, increased with time, and tended to a steady state within 5 minutes ( Figure 2 ). The effects of exposure to oxygen radicals on AP profile and ionic currents were not reversed by washing out DHF, consistent with previous observations.'2
Effects of Oxygen Radical Scavengers
To verify whether the prolongation of APD was caused by the generation of free radicals due to auto-oxidation of DHF in the presence of 02, specific scavenging enzymes were used.
In the presence of SOD (300 units/ml) and CAT (300 units/ml), superfusion with DHF failed to prolong APD or to induce the appearance of EADs ( Figure 1B ). Development of unexcitability or depolarization was also prevented. The results are summarized in Figure 2 . It is apparent that in the presence of the scavengers, APD did not change with respect to the control values. Differences in APD between cells receiving DHF alone and those treated with SOD plus CAT were already evident after 1 minute of incubation (p<0.05, Figure 2 ).
Effect of Oxygen Radicals on Ionic Currents
To investigate the membrane ionic modifications underlying the described effect on the AP profile, voltage-clamp experiments were performed. Figure 3 shows the activation of the IK in response to a long pulse to +40 mV. By return to -40 mV, IK typically inactivates within a few hundred milliseconds. Two minutes of superfusion with the oxygen radical-generating system (DHF, 5 mM) reduced IK both during the depolarizing step and upon returning Figure 3A ). Figure 4 summarizes the results observed in five cells; the amplitude of activated IK, measured at -40 mV as the difference between the peak outward current and the steadystate current (tail current), is here reported as a function of the depolarizing step potential (I-V curve). After 2 minutes of superfusion with 5 mM DHF, IK is reduced at all voltages; at +50 mV, it was 363±43 pA in the control and 199±49 pA in the presence of DHF (p<O.OS). The inset of Figure 4 shows for comparison the effect of DHF on the time-independent background current, measured at the end of 200 msec conditioning steps ranging from -100 to +50 mV (n=5). The current is only slightly affected at potential more negative than -80 mV, and is completely unaffected between -80 and 0 mV. The slope of the curve is depressed at more positive potentials, suggesting a rather selective blockade of outward currents by oxygen radicals. Figure 3B shows the effect of 2 minutes' exposure to DHF on IK recorded from another cell, in the presence of SOD plus CAT. Under these conditions, the effects of DHF on lK were completely prevented by the addition of scavengers in four out of eight cells, and significantly reduced in the remaining cells (see below).
Ic, was also rapidly reduced by the superfusion with 5 mM DHF ( Figure SA) . After 2 minutes of exposure to the oxygen radical-generating system, the peak Ic, is decreased to about 70% of its initial value, without any appreciable modification of its kinetics. It is also evident that the steady-state current at -40 mV, as well as the late current at 0 mV, is virtually unchanged, in agreement with the results reported in the inset of Figure 4 . Again, the presence of scavengers prevented ICa reduction by DHF (Figure SB) almost completely.
The effects of 2 minutes of incubation with DHF on the I-V relation for ICa are shown in the graphs of Figure 6 . Oxygen radical generation induced a marked reduction in the amplitude of the I-V relation, from 1,366+230 pA in control to 892±+84 pA in DHF at +10 mV (p<0.05, n=4), while the overall shape was not modified. In fact, steady-state activation and inactivation curves (insets of Figure 6 ) were not significantly modified by DHF. Since both halfmaximal activation and inactivation (VK) and slope factor (k) were not modified (see legend of Figure 6 ), the decrease of peak Ica by DHF might be attributed to a reduction in the amount of available calcium channels, rather than to a modification of the current kinetics.
The time course of the effects of DHF on IK and ICa in the absence and presence of scavengers are summarized in Figure 7 . The amplitude of the current (normalized with respect to the control value at time zero) is here expressed as a function of superfusion time. The amplitude of IK ( Figure 7A ) was reduced to 69±6% of baseline value (n = 10) as early as 1 minute after beginning superfusion with DHF and reached a steady state by 5 minutes (52+4% of the zero-time value, n=4). Similarly, the amplitude of ICa ( Figure  7B ) was decreased to 73+4% at 1 minute (n= 14) and to 62±+3% at 5 minutes (n=5) with respect to the pre-DHF value.
Pretreatment of the cells with the scavenging enzymes largely prevented the effect of DHF at 1 minute, 'K and Ica amplitude being 103+4% (n=8) and 91±5% (n=8) of the control, respectively (p<0.02). The current amplitudes gradually decreased as the superfusion of the cells with the oxygen radical-generating system progressed in time (Figure 7 ). However, this phenomenon was less pronounced than in the absence of scavengers.
Experiments With Intracellular EGTA
The decrease of 'Ca might suggest that intracellular calcium activity is reduced by oxygen radicals. However, intracellular calcium is regulated by several other mechanisms (either intracellular or sarcolemmal), which might be altered by oxygen radicals.
When intracellular calcium was kept constantly low by addition of 200 I£M EGTA to the pipette medium (aca=0.09 ,iM),20 the effect of DHF on APD was greatly reduced. The APD in the control solution was 190±13 msec, comparable to the value in the absence of EGTA. In Figure 8 in control and after 5 and 6 minutes of superfusion with DHF were superimposed: at 5 minutes, the APD is only slightly prolonged (206+±9 msec) with respect to the previously described experiments in which APD almost doubled (Figures 1 and 2) . Interestingly, intracellular EGTA did not prevent the cell from becoming unexcitable upon further exposure to 00 R W4 (Figure 8 ). Similar results were obtained in five out of five cells. Furthermore, in no instance did we observed the appearance of EADs. The results are summarized in Figure 9 , which also shows the ampli- the pipette solution, while almost completely preventing APD prolongation, did not modify the effects of the oxygen radical-generating system on IK and ICa. After 5 minutes' exposure to DHF, IK was reduced to 54±4% and ICa to 64±6% with respect to the control value. These values were not statistically different from those measured in the absence of EGTA (Figure 7) . Discussion In the present study, exposure of isolated ventricular myocytes from guinea pig hearts to DHF-generated oxygen radicals induced a progressive prolongation of APD, which was already evident after 1 minute and reached a maximum within 5 minutes of incubation. Development of EADs, membrane depolarization, and unexcitability were also observed in the majority of cells. In contrast, when the specific oxygen radical scavengers SOD and CAT were present in the superfusion medium, the effects of DHF were largely prevented. The alterations observed in AP were also accompanied by specific changes in membrane currents, as determined by voltage-clamp measurements. In particular, superfusion with DHF resulted in a decrease in time-dependent 'K and ICa, Again, these electrophysiological changes were significantly reduced by treatment with SOD and CAT. Taken together, these results demonstrate that exogenously generated superoxide radicals and hydrogen peroxide can rapidly induce major electrophysiological alterations in ventricular myocytes.
Our observation of a prolongation in APD disagrees with previous reports by Pallandi et al. 11 However, our experimental model differs from that of Pallandi et al in that they employed a complex system (i.e., superfused guinea pig ventricular strips), in which access of short-lived oxygen radicals to myocytes might have been hampered. The finding that in our study the electrophysiological alterations were already evident after 1 minute of incubation, whereas in Pallandi's study they took 20-30 minutes to develop, lends further support to this speculation. On the other hand, the results of the present study are in agreement with those of Barrington et al.12 In an experimental model similar to ours (i.e., isolated canine ventricular myocytes), they observed a progressive increase in APD and development of afterdepolarizations within a few minutes following incubation with either DHF or xanthine/xanthine-oxidase system, which could be prevented by SOD and CAT. In our study, we used a well-established system, which generates mostly superoxide radicals and smaller amounts of hydrogen peroxide and hydroxyl radicals.21,22 Significant electrophysiological alterations were observed within a few minutes after exposure and were markedly attenuated by the use of the specific scavenger enzymes SOD and CAT. Thus, this study provides the first documentation that exposure to a system producing biologically relevant oxidant species can induce alterations in myocyte membrane currents, with a time course similar to that observed for the occurrence of reperfusion arrhythmias in postischemic hearts.
Our results demonstrate that the electrophysiological changes in AP profile (APD prolongation, appearance of EADs) are accompanied by modifications in potassium and calcium currents. These data are in agreement with those reported by Shattock et al,14 who observed a prolongation of APD and appearance of membrane oscillations during the plateau of the prolonged AP in rabbit myocytes exposed to photoactivated rose bengal. However, they also observed the appearance of membrane potential oscillations at the resting potential level, that is, DADs. Both types of oscillations were apparently associated with the appearance of the TI. In our experimental conditions, we have never recorded either DADs (as reported by Barrington et al'2 in canine myocytes exposed to DHF) or TI, which is known to underlie DADs. The explanation for such a discrepancy is not obvious. It is known that myocytes isolated from the hearts of different species may have a different propensity to develop TI and DADs, probably as a consequence of a different susceptibility to spontaneous calcium release from intracellular stores.23 Nor can it be excluded that different oxidant species may exert different effects on the sarcolemma and/or intracellularly. As already pointed out, photoactivation of rose bengal yields singlet oxygen. '5'24 Preliminary results would suggest that oxygen singlet but not other radical species can inhibit calcium uptake and Ca,ATPase activity of cardiac sarcoplasmic reticulum.25
In our study, the reduction in both IK and Ica can be attributed, for the most part, to the production of oxygen radicals, since in the first 2 minutes of exposure to DHF the effects of oxygen radicals on ionic currents were significantly prevented by the scavengers. This finding appears of particular relevance in the setting of reperfusion arrhythmias that occur immediately after reflow. 26 Furthermore, SOD and CAT prevented APD prolongation and the development of EADs: EADs are generally considered as an arrhythmogenic mechanism27; APD prolongation may result in arrhythmias under certain conditions. Inhomogeneity in repolarization (and in APD) is a well-accepted arrhythmogenic stimulus, since it causes a dispersion in the refractory period and enhances the likelihood for reentry.28 Moreover, the appearance of EADs has been associated with the development of reperfusion arrhythmias in vivo29 and in vitro. 30 The ionic mechanisms underlying EADs are not completely clarified, although it has been established that EADs can be induced in vivo and in vitro by various pharmacological or experimental interventions that cause AP prolongation.3'-34 The duration of AP is determined by the balance of several plateau currents35; among the outward currents, a key role is played by 1K. In the present study, the time course of IK reduction by DHF closely paralleled the effects on APD. Although we cannot directly prove a causeand-effect relation between the two events, this finding is consistent with the notion that a decrease in the K current responsible for membrane repolarization (at potential values around the plateau phase) may favor EAD development.36 A decrease in membrane conductance during the plateau phase due to the block of IK would make the cell more sensitive to even small depolarizing currents such as the Na/Ca current, which is known to contribute to the normal AP of guinea pig ventricular myocytes. 37 It has been proposed that the electrophysiological effects of oxygen radicals are mediated mainly by an increase in the level of intracellular calcium, 38-4' possibly through a direct or indirect modification of the Na/Ca exchanger activity.'4 A role of increased intracellular calcium in the action of oxygen radicals is also suggested by our observation that APD pro-nmil longation and the development of EADs were prevented by the intracellular addition of the calcium chelator EGTA. EADs have been associated with calcium transients in isolated myocytes,42 and their development was similarly prevented by EGTA in rat ventricular myocytes exposed to an oxygen radicalgenerating system.38 Since Ica is reduced as an effect of oxygen radicals, its role in the prolongation of APD or development of EAD appears to be intriguing. The contribution of ICa to the duration of the plateau phase is still discussed; recent evidence suggests that other inward currents (such as Na/Ca exchanger current) may influence APD more directly.37 Indeed, APD of atrial cells has been demonstrated to correlate with potassium-current amplitude better than calcium current amplitude. 43 The relative contribution of membrane currents to the effects of oxygen radicals on AP is difficult to assess, although nonspecific membrane damage appears unlikely, since the lKl was only slightly affected by our system.
In the present study, we used both a superoxide radical scavenger (SOD) and a hydrogen peroxide scavenger (CAT) to prevent the effects of DHF. Thus, we have no direct evidence of the oxygen radical species involved. However, although both superoxide radicals and hydrogen peroxide might independently exert toxic effects, it is widely accepted that their toxicity in biological systems is largely due to the formation of the more reactive hydroxyl radical, when these two species react in the presence of small amounts of metal ions. [44] [45] [46] [47] [48] In this respect, Barrington et a112 have shown in a similar model that scavenging with either SOD or CAT was equally effective in reducing DHF-induced electrophysiological changes. This finding indicates that the oxidant species involved in this phenomenon was neither the superoxide nor hydrogen peroxide, but the product of their reaction, the hydroxyl radical. Similar results were obtained by other investigators with respect to the effects of oxygen radicals on other indexes of cardiac damage. [49] [50] [51] [52] In the present study we used only one system to generate oxygen radicals. Therefore, in principle it cannot be ruled out that DHF per se could cause direct electrophysiological alterations, independent of oxygen radical generation. However, this possibility seems unlikely, since the effects of DHF were greatly reduced by SOD and CAT. Furthermore, in the study by Barrington et al, 12 changes in APD similar to those observed in the present study were reproduced by treatment with DHF, as well as with the unrelated xanthine/xanthine-oxidase enzymatic system, confirming that they were mediated by oxygen radicals, irrespective of the system employed.
On the other hand, the use of different sources of oxygen radicals should be investigated in future studies, as it may allow a better definition of several important issues, such as the chemical nature of the oxidant species involved or the possible site (i.e., extracellular versus intracellular) of the modifications induced by oxygen radicals.
In conclusion, our data show that exposure to exogenously generated oxygen radicals can induce membrane electrophysiological alterations in isolated myocytes. These effects develop rapidly, and are accompanied by specific changes in ionic currents, providing strong support to the hypothesis that oxygen radicals generated at reflow are responsible for the occurrence of reperfusion arrhythmias in intact hearts.
